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Abstract. Non-resonant second harmonic generation phase and amplitude measurements obtained 
from the silica:water interface at varying pH and 0.5 M ionic strength point to the existence of a 
nonlinear susceptibility term, which we call 	"
!
(#) , that is associated with a 90° phase shift. 
Including this contribution in a model for the total effective second-order nonlinear susceptibility 
produces reasonable point estimates for interfacial potentials and second-order nonlinear 
susceptibilities when "
!
(#) ≈ 1.5 × "
%&'()
(#) . A model without this term and containing only 
traditional "(*)  and "(#)  terms cannot recapitulate the experimental data. The new model also 
provides a demonstrated utility for distinguishing apparent differences in the second-order 
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nonlinear susceptibility when the electrolyte is NaCl vs MgSO4, pointing to the possibility of using 
HD-SHG to investigate ion-specificity in interfacial processes. 
 
*Corresponding author: geigerf@chem.northwestern.edu 
  
 We recently reported a heterodyne-detected second harmonic generation (HD-SHG) 
spectrometer for simultaneously determining the amplitude and phase of nonlinear optical signals 
generated at solid:aqueous interfaces.1 The model underlying the data analysis assumed two 
contributions, one in the form of the second-order nonlinear susceptibility, c(2), from the interface, 
and one from the product of the surface potential and an effective third-order nonlinear 
susceptibility response of the diffuse layer, Φ(0) × "
+,-
(#) . We now present SHG amplitude and 
phase measurements carried out at the fused silica:water interface that indicate the necessity of the 
presence of an additional contribution to quantitatively describe the total nonlinear optical 
response. This additional contribution varies with the surface potential and shifted in phase by 90° 
relative to the second-order nonlinear susceptibility. The inclusion of this new term as the sole 
adjustable parameter yields a model that produces point estimates for the second-order nonlinear 
susceptibility, "(*), and the interfacial potential, Φ(0). These point estimates are in reasonable 
agreement with those reported by independent methods under similar conditions of varying pH 
and an ionic strength of 0.5 M NaCl, as well as varying ionic strength at constant pH, when the 
new term is similar in value to the third-order nonlinear susceptibility of water.  
 In the experiments, we record the SHG amplitude and phase from fused silica hemispheres 
in contact with 0.5 M aqueous NaCl solutions held between pH 1 and 12 adjusted using HCl and 
NaOH. We also vary the ionic strength at a constant pH of 5.8. We use 40 mW of input power 
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from a Pharos amplifier laser system operating at 200 kHz and 1030 nm, with 190 femtosecond 
pulses. The data are obtained in replicates using several fused silica hemispheres. We reference 
the number of SHG photons detected from the silica:water interface at zero added NaCl and pH 
5.8 (ionic strength from conductivity measurements = 2 µM) against that obtained from the fused 
silica:z-cut a-quartz interface and account for Fresnel coefficients using our previously published 
approach.2 Interference fringes are recorded using a second piece of z-cut a-quartz as a local 
oscillator on a 100 mm long translational stage, with each measurement taking about four minutes, 
as described previously.1-3 Each mm distance equals 3.158° in phase space, allowing us to map out 
close to 90 percent of a given fringe.  
Fig. 1a shows that the SHG fringes exhibit smaller offsets and amplitudes as the pH is 
lowered, matching the first report of homodyne-detected measurements of SHG intensities by 
Eisenthal and co-workers.4 Fig. 1b shows the nonlinear optical response in our spectrometer 
depends quadratically on in input power, both in homodyne and heterodyne detection. Computing 
the square of the heterodyne-derived SHG amplitudes results in what would be the homodyne-
detected SHG intensity, which, as shown in Supporting Information Fig. S1, recapitulates the 
earlier reported homodyne-detected SHG measurements under identical conditions in the aqueous 
phase.4 Fig. 1c shows the results for pH 1 to pH 12, with the fringe extrema falling on different 
parts of the 100 mm time delay stage due to day-today differences in absolute phasing. Fig. 1d 
shows the SHG phases and amplitudes we obtained for the pH 1 to pH 12 range studied and 
indicates that both depend strongly on pH at this high ionic strength. We set the SHG phase at pH 
2.5 and 0.5 M NaCl to zero, given that this pH corresponds to the point of zero charge of fused 
silica5-8 and thus should most closely approximate a purely "(*) response. Qualitatively similar 
results are obtained at an ionic strength of 50 mM (Supporting Information Fig. S2, note that a 
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narrower pH range was studied so as to maintain constant ionic strength). Fig. 1e shows replicate 
measurements of SHG amplitude and phase at pH 5.8 and 0.5 M NaCl taken from separate trials 
taken on separate days which show a standard deviation of ± 4 percent for the amplitude and ± 1° 
for the phase measurements.  
Under the non-resonant conditions of our experiment (lw=1030 nm, l2w=515 nm), the 
second- and third-order nonlinear susceptibilities are purely real,9 as is the surface potential.10 The 
SHG response is given by the sum of the second- and third-order contribution according to 
	"
'.'
(*) = "(*) − "
+,-
(#) Φ(0) cos12,/,+,-3 412!",$!%    (1). 
Here, the phase angle associated with the DC field emanating from the interface into the electrical 
double layer (EDL) is given by 2,/,+,- = 5657(∆93:,),1, 11-20  where the wave vector mismatch, 
∆93, is 1.1 x 107 m-1 in our experimental setup1-2 and lD is the Debye screening length in the 
aqueous phase computed from Debye Hückel theory. As the Debye screening length is 4 Å at 0.5 





m2V-2, obtained either from heterodyned non-resonant SHG experiments21 or from an estimate 
computed using quantum mechanical inputs,13 the total second-order response is essentially purely 
real, i.e. 	"
'.'
(*) = "(*) − "
%&'()
(#) Φ(0). This expression matches that of the first report on this topic,4 
though we have altered the sign convention to match that used recently by other researchers in the 
field.12, 22 The measured SHG response, which is given by its amplitude and the phase in the form 
of ;415412&'( , should then be purely real (phase of 0° or 180°) at these short Debye screening 
lengths, no matter the values of "(*),  "
%&'()
(#) , or Φ(0).  However, Fig. 1d shows that 2415 changes 
when going from low to high pH, for which Φ(0) is well-documented to vary for fused silica.5-7 
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This variation of the measured SHG phase with pH, and thus Φ(0), indicates the presence of an 
additional complex-valued contribution to the "
'.'
(*) response.  
To quantify this newly identified term, we added the most general form of a complex-
valued contribution to "
'.'




(*) = "(*) −Φ(0)"
%&'()
(#) cos12,/,+,-3 412!",$!% − "!
(6) (2) 
Collection of the imaginary parts yields 
  "
!
(6) =-;415 × <=7	2415 −Φ(0)"+,-
(#) cos12,/,+,-3 sin12,/,+,-3  (3) 
Fig. 1f shows that "
!
(6) is linearly correlated with surface potentials, Φ178(9, reported by Diot et 
al.23 from impedance measurements performed as a function of pH at 1 M NaCl, close to the 0.5 
M ionic strength employed in our present study. The impedance study reported the point of zero 
charge to be around 2.5, as it is generally accepted to be for silica,5-8 and a positive potential of ca. 
+10 mV at pH 1. The potential at pH 5.8 was found to be ca. -80 mV, while it reached ca. -180 
mV at pH 8 and ca. -310 mV at pH 11. Similar values were reported for acidic pH values using 
silica-terminated field effect devices reported by Bousse et al.8 for 1M and 0.1 M NaNO3. 
Discounting the caveat that the nitrate anion has been shown to be surface active for silica by 
resonantly enhanced SHG measurements,24 we can also compare our results to the potentials 
reported in that work (+15 mV at pH 1, between 0 and -8 mV for pH 2 to pH 3, -25 mV at pH 4, 





(7)Φ178(9. The units of the newly identified contribution "!
(7) must match that of 
"
'.'
(*)   (m2V-1), which is satisfied if the units of "
!





(#). Linear least squares fitting of the data shown in Fig. 1f yields "
!
(#) =
1.55 × 10:*; 	± 	7 × 10:*#	B*C:*.  
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While the existence of this additional term is established, its origin needs to be discussed in the 
following. 
In earlier work,16 we had stated “In addition, the surface potential can not only induce bulk 
χ(3) responses from the water side, but also from the fused silica or the α-quartz side.25 These issues 
warrant further investigation in the future.” We were motivated by electric field induced second 
harmonic generation from p-doped silicon across a 9 nm thin layer of SiO2,26 and, furthermore, the 
considerably larger SHG intensity difference for high vs low pH conditions that is obtained from 
fused silica:water4, 27-28  (also Supporting Information Fig. S1) vs air:water interfaces that contain 
monolayers of surfactants with ionizable headgroups.29-30 We write, in analogy to the derivation 
for the dc contribution on the aqueous side in eqn. (1),1-2, 11-12, 15, 31 the following expression for 
the dc contribution on the solid silica side:  







     (4) 
Here, ;,/(E) = −
C(3)
93
(E ≤ 0), with Φ(E) decaying linearly from its value at the aqueous:solid 
interface, Φ(0), to zero at the edge of the hemisphere, taken to be the electrical ground. In other 
words, Φ(E) = a(z + b)	(LMN − O ≤ E ≤ 0) and Φ(E) = 0	(LMN	E ≤ −O), where b = 1.27 cm, 
the radius of our fused silica hemisphere, and 5 = C(A)
D
. The solution to eqn 4 is  













14:1∆@*D − 13 (5). 
Eqn. 1 now becomes (please see Supporting Information Note S1)  
				"
'.'
(*) = "(*) −Φ(0) P"
%&'()







= 7 × 10I . Recent experimental work reports "
=1>)
(#) =2 x 10-22 m2V-2.32 
Accordingly, with "
%&'()
(#) =1x10-21 m2V-2, and 2,/,+,-=0.27° at 0.5M [NaCl], we find that the 
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third-order contribution from water dominates that of the silica by several orders of magnitude, 
essentially returning to eqn. 1.  
Fused silica contains impurities, which we considered using one-dimensional finite 
element calculations (0.01 nm steps, see Supporting Information Note S2) of a solid having a 
relative permittivity, e, of 3.8,33-34 and 100 ppb charged impurities35 with vacuum on one side and 
a 0.1M aqueous salt solution on the other side. The surface charge density is set to -0.015 C m-2, 
and the relative permittivity of the 0.1 M salt solution is taken to be 78.34 Averaged over 200 nm 
of solid, and 106 simulations, the model shows the electric field is -100 kV m-1 ± 2 MV m-1, i.e. 
statistically indistinguishable from zero (Fig. 2A, B). Nevertheless, using the point estimate of -
100 kV m-1 between z=0 nm, the laser focus position, to z=-b=-0.0127 m, the hemisphere’s edge, 
we obtain "
9<,=1>)
(*) = 8 × 10:*J × 4:;IJ
°
1 	B*C:*, which is again much smaller than the "
%&'()
(#)  
contribution. (Note that we can also integrate ;,/(E) obtained from the finite element calculations 
over 200 nm, ~2 x the coherence length in our experiments, which yields -0.013 V, three times 
larger than the result obtained using the field point estimate of -100 kV m-1, arriving at the same 
conclusion). Our two analyses indicate that the bulk silica contribution is not enough to explain 
the pH-dependent SHG phase observed at short Debye lengths (0.5 M [NaCl], Fig. 1d), at least 
within the electric dipole approximation.  
 We also considered the impact on the third-order contribution due to the finite roughness 
of the surface of the fused silica hemispheres. Atomic force microscopy shows the surface to have 
an rms roughness of 0.4 nm, with +/- 1 nm variation in surface height (Fig. 2C). We therefore 
assigned the aqueous:solid interface a width, w, of 1 nm, as opposed to being atomically flat. We 
also assign this first nm of liquid a relative permittivity of 3.36-37 We treat this 1 nm wide region 
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with a third-order susceptibility taken to be the geometric mean of "
%&'()
(#)  and "
=1>)
(#) , i.e. "K
(#)=6 x 







   (7) 
where ;,/(E) can be approximated, again guided by finite element calculations (Fig. 2D), to be 
constant at ;,/(E) = −
C(A)
;×;A./
CB:; over the 1-nm wide rough interfacial region. The second-













−Φ(0) × 6 × 10:** × 4:A.#
°
1 	B*C:; , having, 
again, an imaginary part that is insufficient to explain the observed pH-dependent SHG phase shift 
at high ionic strength.  
We also considered multipolar terms, which, according to atomistic simulations, can be 
important for interfacial potentials of aqueous interfaces.38-40 These terms also act as important 
contributors to nonlinear optical responses41 under some conditions, given that they are bulk 
allowed.42-45 Our SHG experiment uses a single-beam input geometry, where quadrupolar 
responses to the second-order nonlinear susceptibility should not be observable.46 Yet, this rule 
may break down somewhat given the surface roughness of our fused silica hemispheres (vide 
supra) and, perhaps, non-ideal focusing and wavefronts of the fundamental at the interface. We 
therefore tested whether adding an electrical quadrupolar term, "
Q
(*)  , that is out of phase by 
±90°=±= = 4±1
0
)from "(*) in eqn. 1, and is furthermore independent of the surface potential, could 
be important, according to "
'.'




(#) Φ(0) cos12,/,+,-3 412!",$!% . The 90° 
phase shift originates from integration of this bulk-allowed response over the coherence length of 
our experimental setup, i.e. ∆93 × ∫ 4±1∆@*3FE
B
A
= ±=, to account for the fact that they are bulk 
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allowed. Setting "
Q
(*) ≈ "(*) ,41 we find a sizeable imaginary contribution to "
'.'
(*)  at high ionic 
strength that is, however, invariant with surface potential, as posited in this model. As shown in 
Supporting Information Note S3, Fig. S5, and Fig. S6, the resulting "(*) and T(0) point estimates 
are non-physical. This outcome is not surprising, given the strong linear correlation of "
!
(6) with 
surface potential we determined from regressing our experimental SHG amplitude and phase data 
against the surface potentials determined from impedance measurements (Fig. 1f).  
As pointed out earlier, the units of the quadrupolar second-order nonlinear susceptibility 
(m2V-1) prevent its coupling to the surface potential as the multiplication of the units of any new 
term "
!
(6) and Φ(0) [V] must equal those of the total second-order nonlinear susceptibility, "
'.'
(*) 
(m2V-1). Thus, the units of the new term must be (m2V-2).  Multipolar terms in the third-order 
nonlinear susceptibility have such units.47 At the high ionic strengths employed in our experiments, 
the charged interface can essentially be viewed as a capacitor with a field that acts over the Debye 
length, which is <1 nm at 0.5M [salt].5-7 Multipolar third-order contributions could be considerable 
in the presence of such fields. Just like in their second-order counterparts, quadrupolar third-order 
contributions should be associated with a 90° phase shift relative to the ones from electric dipoles 
and be bulk-allowed. 
 If one were to introduce an additional third-order contribution, "
!
(#), that is of bulk origin, 
associated with a 90° phase shift, and coupled to the surface potential, one may propose the total 
second-order response from the charged interface, again at 0.5 M salt, to take the following form:  
	"
'.'
(*) = "(*) −Φ(0)U"
%&'()
(#) cos12,/,+,-3 412!",$!% ± ="!
(#)V  (8) 
This expression is essentially that discussed in the context of eqn. 2. Taking the magnitude of "
!
(#) 
to be 1.5 × "
%&'()
(#) , one finds that "
'.'
(*) = "(*) −Φ(0)11 × 10:*; × cos(0.27°) ×
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4A.*S
°
1 	B*C:* ± 1.5 × 10:*; × 4TA
°
1 		B*C:*3 = "(*) −Φ(0)11.8 × 10:*; × 4±JN
°
1 	B*C:*3 . 
This form allows for a sizeable complex valued SHG response, i.e., a nonzero SHG phase, under 
conditions where the Debye length is compressed to the point where the cos12,/,+,-3 412!",$!% 
product is purely real.  
To test whether eqn. 8 yields reasonable estimates of surface potential and second-order 
nonlinear susceptibility, the structural and electrostatic parameters of interest to us, we calibrated 
the SHG signal intensity measured from the silica:water interface in our spectrometer against that 
of fused silica bonded via an index-matched adhesive (Nordland 146H) to a vertically aligned 
piece of z-cut a-quartz (no water present). z-Cut a-quartz is an IEEE standard having an optical 
phase of zero or 180°, depending on crystal orientation, and a known "
UVW@,X
(*)  of 8 × 10:;# m V-
1,48-49 as described in our previous work.2 After determining ;415,QV&)'3  from YZ415,QV&)'3 , and 
repeating the measurement with water at pH=5.8 and 2 µM ionic strength in place of the quartz, 
we find the calibration and referencing ratio  








(*) [   (9), 
where ["
([[,QV&)'3





= 4.5	 ×	10:*A	m*V:; and _QV&)'3  and _4&78W( 	 are the 
macroscopic Fresnel coefficients (0.5 and 2.58, resp., in our experimental setup).2 To quantify the 
C/R ratio, we performed seven replicate measurements of the SHG intensity from individually 
assembled silica:a-quartz interfaces, which yielded 42 x 103 ± 1 x 103cps (5 mW laser power at 
the sample). Seven subsequent replicates from individually assembled silica:ultrapure water 
interfaces (air-equilibrated over night, 20 µS cm-1 conductivity, pH 5.8,) yielded 71 ± 1 cps. The 
ratio ;
+&'(,12345*
 is then 24, and the total C/R ratio is 3.6 × 10:**B*C:; in our spectrometer, with 
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an uncertainty of 5 percent (one s, please see Supporting Information Fig. S9). We believe the 
main contributors to this uncertainty are minute changes in laser spot position and focus at the 
interface that stem from our inability to place the fused silica hemisphere onto the sample cell in 
the exact same position prior to each experiment.  
The properties we seek, "(*) and T(0), are obtained as follows:50 







(;)  (10a), and 
  "(*) = /
Y
× 1;415,4&78W(3 cos124153 + T(0) "%&'()
(#) cos*12,/,+,-3 (10b). 
At 0.5 M salt, 2,/,+,- = arctan(c93	:,) = 0.27°, irrespective of pH or surface chemistry. We 
use the recently published value13, 21 of 1 x 10-21 m2V-2 for "
%&'()
(#) . There are no other adjustable 
parameters or inputs except for the choice of the magnitude of "
!
(#). The uncertainties on the "(*) 
and T(0) point estimates are taken to be dominated by the 5 percent uncertainty of the /
Y
 ratio.  
 Fig. 3a shows the "(*)  and T(0)  point estimates obtained using the measured SHG 
amplitude and phase from Fig. 1 in eqn. 8 with "
!
(#) taken to be 1.5 times that of "
%&'()
(#) . The 
corresponding Argand diagrams depicting the relevant elements of eqn. 8 in the complex plane are 
shown in Fig. 3b. The "(*)  values obtained in this fashion are within a factor of 2 of those 
published for other charged aqueous interfaces, such as those reported recently by the Roke group 
for silica suspensions,51 albeit for much lower ionic strengths. Point estimates of "(*) reported in 
that work were reported for salt concentrations of 10 mM and pH 10 to be around 2 x 10-22 m2V-2, 
while negative point estimates were reported for ionic strengths of 0.1 mM and below at pH 10 
and pH 5.7. The pH-dependent surface potential estimates are not appropriate for comparison here, 
since the highest ionic strength in that work was 10 mM, whereas it is 0.5 M here. Yet, as 
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mentioned above, Diot et al.23 and Bousse et al.8 obtained pH titrations using impedance 
measurements at 1.0 M NaCl, which we consider comparable to our experimental conditions. Fig. 
3a shows that the surface potentials determined from the impedance measurements are well 
recapitulated here when setting "
!
(#) = 1.5 × "
%&'()
(#) , which leads to T(0)=+20 mV at pH 1, 
T(0)=-75 mV at pH 5.8, and T(0)=-330 mV at pH 11. This result is consistent with the linear 
correlation found from Fig. 1f.  
It is reassuring that the surface potentials derived by HD-SHG are larger in magnitude than 
the z-potentials obtained at 0.1M and 0.01 M salt between pH 2 and pH 8,52 which we expect given 
that the z-plane is at some distance away from the zero-plane in the aqueous phase. Yet, we note 
the caveat that z-potentials are not sensitive to the dipole potential, as atomistic simulations by the 
Netz group have shown.53 Compared to the original homodyne-detected SHG data reported by 
Ong, Zhao, and Eisenthal,4 recorded at the same ionic strength of 0.5 M salt we use here, the HD-
SHG-derived T(0) point estimates reported here are generally three times larger. Available X-ray 
spectroscopic surface potentials for silica colloids suspended in a liquid jet were limited to 50 
mM,54 too low for comparison to the 0.5M results presented here. Yet, it is encouraging to find 
that the 50 mM pH titration shown in Supporting Information Fig. S2 yields reasonable agreement 
with the 50 mM titration by XPS reported in that work, using, again, "
!
(#) = 1.5 × "
%&'()
(#) . 
To further test the utility of HD-SHG surface potential measurements at lower ionic 
strengths, we recorded the SHG amplitude and phase for a fused silica hemisphere in contact with 
aqueous solutions held at a constant pH of 5.8 as a function of salt concentration (Fig. 4a). Unlike 
in our previous work,1 the silica surface at each salt concentration had not been previously exposed 
to 100 mM NaCl. While the data are qualitatively similar, there are quantitative differences, as 
expected due to previously reported hysteresis at the silica water interface.55-56 We then computed 
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the "(*)  and T(0)  point estimates from eqn. 8 using "
!
(#)  =1.5× "
%&'()
(#)  (Fig. 4b). Argand 





(#), plotted between 10 µM and 0.5 M. Fig. 4d shows that the HD-SHG derived 
surface potentials are somewhat larger in magnitude than the ones calculated from Gouy-Chapman 
theory5-8 for surface charge densities of -0.015 C m-2, -0.02 C m-2, and -0.04 C m-2, typical for 
circumneutral pH. This difference may reflect the fact that the Gouy-Chapman model considers 
contributions to the electrostatic potential that are of Coulombic form, while dipole potentials and 
other contributions to the electrostatic potential are neglected. Recent experimental and 
computational work shows that such contributions can be considerable.53, 57-58 
Fig. 4e shows the second-order susceptibilities for MgSO4 are somewhat smaller in 
magnitude than the ones we obtain for NaCl, whereas the interfacial potentials are comparable (the 
measured SHG amplitudes and phases are shown in Supporting Information Fig. S7, while the 
Debye length for the MgSO4 case was calculated according to ref. 38 in Majumder et al.59). The 
differences in "
d5=>@
(*)  vs "
e&/W
(*)  are consistent with the differences in hyperpolarizabilities 
computed for related systems (Mn+...NH3 complexes and Mn+ coordinated within organic 
macrocycles).60-61 The results point towards the utility of HD-SHG to provide structural 
information on otherwise difficult-to-study ions at interfaces.  This apparent ion sensitivity 
exhibited in Fig. 4e sets up the HD-SHG as an experimental source of structural information that 
can be directly compared to second-order nonlinear susceptibilities derived from atomistic 
simulations.17, 20, 62-65  
Homodyne-detected vibrational sum frequency generation (SFG) spectra collected along 
with homodyne-detected nonresonant SHG signals were reported recently by Rehl at al.27 at the 
pH and ionic strength conditions employed here. While surface potentials and second-order 
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nonlinear susceptibilities were not reported, differences in the SFG and SHG responses were found 
to be substantial and attributed to interference of the silica and net-aligned water molecules. We 
therefore compared the interference fringe from a bare silica hemisphere (no water present) with 
that of the same hemisphere after filling the aqueous flow cell with deionized water at pH 5.8 (2 
µM ionic strength). The resulting 180° phase shift (please see Supporting Information Fig. S8) 
experimentally confirms the expectation from the literature.25, 66  
In conclusion, the experimental evidence and analysis presented here posits the existence 
of a third-order nonlinear susceptibility,	"
!
(#), associated with a 90° phase shift, that contributes to 
the SHG response from charged interfaces. When included in a model for the total second-order 
nonlinear susceptibility, reasonable point estimates for T(0) are obtained for "
!
(#) ≈ 1.5 × "
%&'()
(#) . 
The model also produces reasonable point estimates for "(*) of the fused silica:water interface 
over a commonly studied range of pH values and ionic strengths. Moreover, the model has a 
demonstrated utility for distinguishing apparent differences in the second-order nonlinear 
susceptibility when the electrolyte is NaCl vs. MgSO4, pointing to the possibility of using HD-
SHG to investigate ion-specificity in interfacial processes.  
The results highlight the need for more research, from theory and experiment, to elucidate 
the precise origin and magnitude of the newly identified term. Improvements to the precision and 
accuracy of the SHG phase measurement should also be made. In addition to its geochemical 
relevance, the results presented here may be of interest for nonlinear optical studies of 
electrochemical, energy-related, and biological interfaces through spectroscopy and 
microscopy.67-72 Beyond non-resonant conditions, an implication of our findings for the 
interpretation of resonantly enhanced vibrational SFG spectra of charged interfaces is that even at 
high ionic strength, absorptive-dispersive mixing is expected to render substantial influence on the 
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detected spectral lineshapes, as we had eluded to earlier.16-17, 20 Applying eqn. 8 to those SFG 
spectra, and realization of a second heterodyne detection step in HD-SFG, hold the promise of 
revealing new chemistry and physics for charged interfaces.  
Methods.  
Sample Preparation. Fused silica hemispheres (Hyperion Optics Corning 7979 IR Grade) were 
used as received. First, they were soaked in Alnochromix cleaning solution (Alconox Labs) for 
one hour and rinsed with copious amounts of ultrapure water (Millipore Sigma, 18.2 MΩ × cm). 
The cleaned hemispheres were then sonicated for 15 minutes inside a small beaker filled with 
methanol. Then the methanol was poured out without removing the hemisphere, and the beaker 
and the hemisphere were triple-rinsed with ultrapure water. The beaker was then filled with 
ultrapure water and the hemisphere was sonicated for another 15 minutes. After removing the 
hemisphere from the beaker, it was dried in house N2 gas. Then, the hemisphere was plasma 
cleaned for 30 seconds (Harrick, “high” setting), before assembly in a previously described 
PTFE/aluminum sample cell1-2, 37 using a Viton O-ring that had been previously stored in ultrapure 
water and not dried - n.b.: O-rings used for the dry experiments (fused silica:air and fused silica:a-
quartz) were rinsed in methanol, then in ultrapure water, then dried in house N2 and then plasma 
cleaned. Prior to assembly, the PTFE component of the cell was sonicated in methanol for 15 
minutes, rinsed in ultrapure water, dried under house N2, and then plasma cleaned for 2 minutes. 
Aqueous salt solutions of 100 mM and 500 mM concentrations were prepared 24 hours in advance 
of the experimental measurements, and allowed to reach equilibrium with laboratory air, i.e. 
ambient CO2, while being stirred with a slightly opened lid, for a final reading of pH 5.7±0.1 and 
a conductivity of 10 mS cm-1 and 45 mS cm-1, respectively, prior to use. Deionized water from the 
Millipore system was also stored overnight and allowed to equilibrate with laboratory air the same 
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way as the ionic solutions for a final reading of pH. 5.7±0.1 and a conductivity of 0.6±0.2 µS cm-
1 prior to use. All other solutions were prepared and pH-balanced using 0.1 M stock solutions of 
HCl and NaOH (both from Fisher Scientific) prior to the start of each experiment.  
HD-SHG Data Collection and Analysis. Details of the HD-SHG spectrometer have been 
previously described.1-2, 37 As pointed out in our previous work, we assemble the sample cell and 
fused silica hemisphere and the aqueous flow lines, close the lid on the entire spectrometer/sample 
cell assembly, and wait for three hours. This procedure minimizes subsequent SHG phase drift. 
Prior to starting an experiment, the SHG intensity was monitored upon introduction of equilibrated 
pH 5.7 ultrapure water to the flow cell until the signal remained stable for 5 minutes. The same 
benchmark (signal remains stable for 5 minutes) was applied for all changes in the aqueous 
solutions (pH, ionic strength) that were made during a given experiment. After a stable baseline 
SHG signal was obtained, 5 interference fringes were collected in succession by translating a piece 
of d -quartz to 30 equidistant points along an automated 100 mm translational stage. The 
heterodyned SHG response (LO+S) was averaged for 5 seconds at each position. This procedure 
takes four minutes for each scan, which includes 30 sec to 40 sec to reset the stage to the 0 mm 
starting position. All SHG experiments were performed under a continuous aqueous flow rate of 
5 mL min-1. For our sample cell geometry, this flow rate establishes shear rates <10. Switching of 
the various aqueous solutions occurs via the use of a computer controlled four-channel peristaltic 
pump so that the lid enclosing the spectrometer/sample cell assembly does not have to be opened 
during our experiments. As described earlier, the interference patterns were fit to the following 
expression: 
e = eA + f × gM<(Lh + 2[1')   (11), 
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where the SHG response (Esig) corresponds to the amplitude (A) and the experimentally measured 
phase (2415) is obtained by referencing 2[1' to the phase obtained at pH 2.5 and 0.5 M [NaCl]. 
The amplitude, in turn, is normalized to that obtained at pH 5.7 and 0.5 M [NaCl], as indicated on 
the y-axes of Fig. 1e and Fig. 4a. The homodyne measurements needed for the C/R ratio were 
carried out over seven replicates each for the fused silica:water and fused silica:a-quartz, with a 
brief removal of the hemisphere from the sample stage in between each replicate measurement. 
Following slight adjustments of the steering mirror and focal lens position in front of the sample 
to maximize the SHG intensity from the fused silica:water interface in between each replicate to 
compensate for slight changes in the position of the hemisphere, a standard error of 5 percent in 
the SHG intensity was obtained over the seven replicate measurements. Omitting this readjustment 
step led to a 20 percent standard error. The optics were not readjusted in between replicate 
measurements for the case of the fused silica:a-quartz interface so as to avoid walking the 
alignment off into the bulk :a-quartz. 
V. Associated Content  
Supporting Information: optical fringe data, finite element calculations, values of Esig and jsig, 
referencing, and derivation of c(3) contribution for a linearly decaying field.  
VII. Acknowledgement. P.E.O. gratefully acknowledges support from the NSF GRFP, the 
Schmidt Science Fellowship in partnership with the Rhodes Trust, and the Harvard University 
Center for the Environment. H.F.W. gratefully acknowledges support from the National Natural 
Science Foundation of China (NSFC Grant No. 21727802). T. F. M. and F.M.G. gratefully 




Ma et al.   18 
References 
1. Ohno, P. E.; Chang, H.; Spencer, A. P.; Liu, Y.; Boamah, M. D.; Wang, H.-f.; Geiger, F. 
M., Beyond the Gouy–Chapman Model with Heterodyne-Detected Second Harmonic Generation. 
The Journal of Physical Chemistry Letters 2019, 10 (10), 2328-2334. 
2. Chang, H.; Ohno, P. E.; Liu, L.; Geiger, F. M., Direct Measurement of Charge Reversal on 
Lipid Bilayers using Heterodyne-Detected Second Harmonic Generation Spectroscopy. J. Phys. 
Chem. B 2019, 124, 641-9. 
3. Boamah, M. D.; Ohno, P. E.; Lozier, E.; van Ardenne, J.; Geiger, F. M., Specifics About 
Specific Ion Adsorption from Heterodyne-Detected Second Harmonic Generation. J. Phys. Chem. 
B 2019, 123, 5848-56. 
4. Ong, S. W.; Zhao, X. L.; Eisenthal, K. B., Polarization of water molecules at a charged 
interface: second harmonic studies of the silica/water interface. Chemical Physics Letters 1992, 
191 (3-4), 327-335. 
5. Lyklema, J., Fundamentals of Interface and Colloid Science. Elsevier: 2000. 
6. Stumm, W.; Morgan, J. J., Aquatic Chemistry. John Wiley & Sons, Inc.: New York, 1996; 
Vol. 3rd ed. 
7. Langmuir, D., Aqueous Environmental Chemistry. Prentice Hall: Upper Saddle River, NJ 
1997. 
8. Bousse, L.; De Rooij, N. F.; Bergveld, P., Operation of Chemically Sensitive Field-Effect 
Sensors As a Function of the Insulator-Electrolyte Interface. IEEE Trans. Electron Devices 1983, 
ED-30, 1263-70. 
9. Boyd, R. W., Nonlinear Optics: Third Edition. Academic Press: London, 2008. 
 
 
Ma et al.   19 
10. The use of a “complex Psi” found in some publications on this topic should be discontinued, 
as the surface potential is time-invariant and thus purely real. It is the electromagnetic field, 
E(omega), that is time-variant and thus complex-valued. 
11. Ohno, P. E.; Saslow, S. A.; Wang, H.; Geiger, F. M.; Eisenthal, K. B., Phase referenced 
nonlinear spectroscopy of the alpha-quartz/water interface. Nat. Commun. 2016, 7, 13587. 
12. Wen, Y.-C.; Zha, S.; Liu, X.; Yang, S.; Guo, P.; Shi, G.; Fang, H.; Shen, Y. R.; Tian, C., 
Unveiling Microscopic Structures of Charged Water Interfaces by Surface-Specific Vibrational 
Spectroscopy. Physical Review Letters 2016, 116 (1), 016101. 
13. Lutgebaucks, C.; Gonella, G.; Roke, S., Optical label-free and model-free probe of the 
surface potential of nanoscale and microscopic objects in aqueous solution. Phys. Rev. B 2016, 94, 
195410. 
14. Ohno, P. E.; Saslow, S. A.; Wang, H.-f.; Geiger, F. M.; Eisenthal, K. B., Phase-referenced 
Nonlinear Spectroscopy of the alpha-Quartz/Water Interface. Nature communications 2016, 7, 
13587. 
15. Wang, H.-f., Sum frequency generation vibrational spectroscopy (SFG-VS) for complex 
molecular surfaces and interfaces: Spectral lineshape measurement and analysis plus some 
controversial issues. Progress in Surface Science 2016, 91, 155-182. 
16. Ohno, P. E.; Wang, H.-f.; Geiger, F. M., Second-Order Spectral Lineshapes from Charged 
Interfaces. Nature communications 2017, 8, 1032. 
17. Ohno, P. E.; Wang, H. F.; Paesani, F.; Skinner, J. L.; Geiger, F. M., Second-Order 
Vibrational Lineshapes from the Air/Water Interface J. Phys. Chem A 2018, 122, 4457-4464. 
18. Boamah, M. D.; Ohno, P. E.; Geiger, F. M.; Eisenthal, K. B., Relative Permittivity in the 
Electrical Double Layer from Nonlinear Optics. J. Chem. Phys. 2018, 148, 222808. 
 
 
Ma et al.   20 
19. Joutsuka, T.; Hirano, T.; Sprik, M.; Morita, A., Effect of Third-Order Susceptibility in Sum 
Frequency Generation Spectroscopy: Molecular Dynamics Study in Liquid Water. PCCP 2018, 
20, 3040-3053. 
20. Reddy, S. K.; Thiraux, R.; Wellen Rudd, B. A.; Lin, L.; Adel, T.; Joutsuka, T.; Geiger, F. 
M.; Allen, H. C.; Morita, A.; Paesani, F., Bulk Contributions Modulate the Sum-Frequency 
Generation Spectra of Water on Model Sea-Spray Aerosols. Chem 2018, 4, 1629-44. 
21. Dalstein, L.; Chiang, K.-Y.; Wen, Y.-C., Direct Quantification of Water Surface Charge 
by Phase-Sensitive Second Harmonic Spectroscopy. The Journal of Physical Chemistry Letters 
2019, 10 (17), 5200-5205. 
22. Gonella, G.; Lutgebaucks, C.; de Beer, A. G. F.; Roke, S., Second Harmonic and Sum-
Frequency Generation from Aqueous Interfaces is Modulated by Interference. J. Phys. Chem. C 
2016, 120, 9165-9173. 
23. Diot, J. L.; Joseph, J.; Martin, J. R.; Clechet, P., pH Dependence of the Si/SiO2 Interface 
State Density for EOS Systems: Quasi-Static and AC Conductance Methods. J. Electroanal. Chem. 
1985, 193, 75-88. 
24. Hayes, P. L.; Malin, J. N.; Konek, C. T.; Geiger, F. M., Interaction of Nitrate, Barium, 
Strontium and Cadmium Ions with Fused Quartz/Water Interfaces Studied by Second Harmonic 
Generation J. Phys. Chem. A 2008, 112, 660-668. 
25. Bethea, C. G., Electric field induced second harmonic generation in glass. Appl. Opt. 1975, 
14, 2435-7. 
26. Aktsipetrov, O. A.; Elyutin, P. V.; Fedyanin, A. A.; Nikulin, A. A.; Rubtsov, A. N., Second 
Harmonic Generation in Metal and Semiconductor Low-dimensional Structures. Surface Science 
1995, 325, 343-355. 
 
 
Ma et al.   21 
27. Rehl, B.; Rashwan, M.; DeWalt-Kerian, E. L.; Jarisz, T. A.; Darlington, A. M.; Hore, D. 
K.; Gibbs, J. M., New Insights into χ(3) Measurements: Comparing Nonresonant Second 
Harmonic Generation and Resonant Sum Frequency Generation at the Silica/Aqueous Electrolyte 
Interface. The Journal of Physical Chemistry C 2019, 123 (17), 10991-11000. 
28. Azam, M. S.; Weeraman, C. N.; Gibbs-Davis, J. M., Specific Cation Effects on the 
Bimodal Acid–Base Behavior of the Silica/Water Interface. The Journal of Physical Chemistry 
Letters 2012, 3 (10), 1269-1274. 
29. Zhao, X.; Ong, S.; Eisenthal, K. B., Polarization of water molecules at a charged interface. 
Second harmonic studies of charged monolayers at the air/water interface. Chemical Physics 
Letters 1993, 202 (6), 513-20. 
30. Zhao, X. L.; Ong, S. W.; Wang, H. F.; Eisenthal, K. B., New Method for Determination of 
Surface Pk(a) Using 2nd-Harmonic Generation. Chemical Physics Letters 1993, 214 (2), 203-207. 
31. Gonella, G.; Lütgebaucks, C.; de Beer, A. G. F.; Roke, S., Second Harmonic and Sum-
Frequency Generation from Aqueous Interfaces Is Modulated by Interference. The Journal of 
Physical Chemistry C 2016, 120 (17), 9165-9173. 
32. Gubler, U.; Bosshard, C., Optical third-harmonic generation of fused silica in gas 
atmosphere: Absolute value of the third-order nonlinear optical susceptibility ?„3... Phys. Rev. B 
2000, 61, 10702-10. 
33. Lide, D. R., CRC Handbook of Chemistry and Physics. CRC Press: Boca Raton, 1996. 
34. CRC Handbook of Chemistry and Physics. 86 ed.; CRC Press: Boca Raton, 2005. 





Ma et al.   22 
36. Fumagalli, L.; Esfandiar, A.; Fabregas, R.; Hu, S.; Ares, P.; Janardanan, A.; Yang, Q.; 
Radha, B.; Taniguchi, T.; Watanabe, K.; Gomila, G.; Novoselov, K. S.; Geim, A. K., Anomalously 
low dielectric constant of confined water. Science 2018, 360, 1339-42. 
37. Boamah, M. D.; Ohno, P. E.; Geiger, F. M.; Eisenthal, K. B., Relative permittivity in the 
electrical double layer from nonlinear optics. J. Chem. Phys. 2019, 148 (22), 222808. 
38. Doyle, C. C.; Shi, Y.; Beck, T. L., The Importance of the Water Molecular Quadrupole for 
Estimating Interfacial Potential Shifts Acting on Ions Near the Liquid−Vapor Interface. J. Phys. 
Chem. B 2019, 123, 3348-58. 
39. Leung, K., Surface Potential at the Air-Water Interface Computed Using Density 
Functional Theory. J. Phys. Chem. Lett. 2010, 1, 496-9. 
40. Cendagorta, J. R.; Ichiye, T., The Surface Potential of the Water-Vapor Interface from 
Classical Simulations. J. Phys. Chem. B 2015, 119, 9114-9122. 
41. Shiratori, K.; Yamaguchi, S.; Tahara, T.; Morita, A., Computational analysis of the 
quadrupole contribution in the second-harmonic generation spectroscopy for the water/vapor 
interface. J. Chem. Phys. 2013, 138, 064704. 
42. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: 
Oxford, 1995. 
43. Shen, Y. R., The Principles of Nonlinear Optics. John Wiley & Sons: New York, 1984. 
44. Boyd, R. W., Nonlinear Optics, 3rd Edition. Elsevier Academic Press Inc: San Diego, 2008; 
p 1-613. 
45. Morita, A., Theory of Sum Frequency Generation Spectroscopy. Springer: 2018; Vol. 97. 
46. Koskinen, K.; Czaplicki, R.; Kaplas, T.; Kauranen, M., Recognition of multipolar second-
order nonlinearities in thin-film samples. Opt. Express 2016, 24, 4972-8. 
 
 
Ma et al.   23 
47. Akihiro Morita, private communication from March 2021. 
48. Wei, X.; Hong, S.-C.; Lvovsky, A. I.; Held, H.; Shen, Y. R., Evaluation of Surface vs Bulk 
Contributions in Sum-Frequency Vibrational Spectroscopy Using Reflection and Transmission 
Geometries. The Journal of Physical Chemistry B 2000, 104 (14), 3349-3354. 
49. Yamaguchi, S.; Shiratori, K.; Morita, A.; Tahara, T., Electric quadrupole contribution to 
the nonresonant background of sum frequency generation at air/liquid interfaces. The Journal of 
Chemical Physics 2011, 134 (18), 184705. 
50. Here we take a phase in eqn. 6 to be +90 degrees. 
51. Marchioro, A.; Bischoff, M.; Lutgebaucks, C.; Biriukov, D.; Predota, M.; Roke, S., Surface 
Characterization of Colloidal Silica Nanoparticles by Second Harmonic Scattering: Quantifying 
the Surface Potential and Interfacial Water Order. J. Phys. Chem. C 2019, 123, 20393-404. 
52. Leroy, P.; Deveau, N.; Revil, A.; Bizi, M., Influence of surface conductivity on the 
apparent zeta potentialof amorphous silica nanoparticles. J. Coll. Int. Sci. 2013, 410, 81-93. 
53. Bonthuis, D. J.; Horinek, D.; Bocquet, L.; Netz, R. R., Electrohydraulic Power Conversion 
in Planar Nanochannels. Phys. Rev. Lett. 2009, 103, 144503. 
54. Brown, M. A.; Abbas, Z.; Kleibert, A.; Green, R. G.; Goel, A.; May, S.; Squires, T. M., 
Determination of Surface Potential and Electrical Double-Layer Structure at the Aqueous 
Electrolyte-Nanoparticle Interface. Phys. Rev. X 2016, 6, 011007. 
55. Gibbs-Davis, J. M.; Kruk, J. J.; Konek, C. T.; Scheidt, K. A.; Geiger, F. M., Jammed Acid-
Base Chemistry at Interfaces. J. Am. Chem. Soc. 2008, 130, 15444-15447. 
56. Ohno, P. E.; Chang, H.; Spencer, A. P.; Liu, Y.; Boamah, M. D.; Wang, H.-f.; Geiger, F. 
M., Correction to Beyond the Gouy-Chapman Model with Heterodyne-Detected Second Harmonic 
Generation. J. Phys. Chem. Lett. 2019, 10, 5364. 
 
 
Ma et al.   24 
57. Casper, C. B.; Verreault, D.; Adams, E. M.; Hua, W.; Allen, H. C., Surface Potential of 
DPPC Monolayers on Concentrated Aqueous Salt Solutions. Journal of Physical Chemistry B 
2016, 120 (8), 2043-2052. 
58. Rodriguez, D.; Marquez, M. D.; Zenasni, O.; Han, L. T.; Baldelli, S.; Lee, R. T., Surface 
Dipoles Induce Uniform Orientation in Contacting Polar Liquids. Chem. Mat. 2020, 32, 7832-41. 
59. Majumder, M.; Keis, K.; Zhan, X.; Meadows, C.; Cole, J.; Hinds, B. J., Enhanced Electro-
Static Modulation of Ionic Diffusion through Carbon Nanotube Membranes by Diazonium 
Grafting Chemistry. J. Memb. Sci. 2008, 316, 89-96. 
60. Hatua, K.; Mondal, A.; Banerjee, P.; Nandi, P. K., Diffuse electron of alkali metals (Li, Na, 
K) or diffuse electron pair of alkaline earth metals (Be, Mg, Ca) which predict larger second 
hyperpolarizability? A comprehensive study of M   NH3 model compounds. Chem. Phys. Lett. 
2018, 692, 160-5. 
61. Ye, J.; Wang, L.; Wang, H.; Pan, X.; Xie, H.; Qiu, Y., A cation-selective and anion-
controlled benzothiazolyl-attached macrocycle for NLO-based cation detection: variational first 
hyperpolarizabilities. New J. Chem. 2018, 42, 6091-100. 
62. Chen, S.-H.; Singer, S., A Molecular Dynamics Study of the Electric Double Layer and 
Non-Linear Spectroscopy at the Amorphous Silica- Water Interface. J. Phys. Chem. A, in press 
2018. 
63. Pezzotti, S.; Galimberti, D. R.; Shen, Y. R.; Gaigeot, M.-P., Structural definition of the 
BIL and DL: a new universal methodology to rationalize non-linear chi(2) SFG signals at charged 




Ma et al.   25 
64. Pfeiffer-Laplaud, M.; Gaigeot, M.-P., Adsorption of Singly Charged Ions at the 
Hydroxylated (0001) a-Quartz/Water Interface. J. Phys. Chem. C 2016, 120, 4866-4880. 
65. Cimas, A.; Tielens, F.; Sulpizi, M.; Gaigeot, M.-P.; Costa, D., The amorphous silica–liquid 
water interface studied by ab initio molecular dynamics (AIMD): local organization in global 
disorder. J. Phys.: Condens. Matter 2014, 26, 244106. 
66. Miller, R. C.; Nordland, W. A., Absolute Signs of Second-Harmonic Generation 
Coefficients of Piezoelectric Crystals. Phys. Rev. B 1970, 2, 4896. 
67. Manaka, T.; Lim, E.; Tamura, R.; Iwamoto, M., Direct imaging of carrier motion in organic 
transistors by optical second-harmonic generation. Nature Photonics 2007, 1, 581-584. 
68. Nahalka, I.; Zwaschka, G.; Campen, R. K.; Marchioro, A.; Roke, S., Mapping 
Electrochemical Heterogeneity at Gold Surfaces: A Second Harmonic Imaging Study. J. Phys. 
Chem. C 2020, 124, 20021-34. 
69. Zwaschka, G.; Nahalka, I.; Marchioro, A.; Tong, Y.; Roke, S.; Campen, R. K., Imaging 
the Heterogeneity of the Oxygen Evolution Reaction on Gold Electrodes Operando: Activity is 
Highly Local. ACS Catalysis 2020, 10, 6084-93. 
70. Xu, P.; Huang, A.; Suntivich, J., Phase-Sensitive Second-Harmonic Generation of 
Electrochemical Interfaces. J. Phys. Chem. Lett. 2020, 11, 8216-21. 
71. Tarun, O. B.; Hannesschlager, C.; Pohl, P.; Roke, S., Label-free and charge-sensitive 
dynamic imaging of lipid membrane hydration on millisecond time scales. Proc. Natl. Acad. Sci. 
U. S. A. 2018, 115 (16), 4081-4086. 
72. Macias-Romero, C.; Nahalka, I.; Okur, H. I.; Roke, S., Optical imaging of surface 




Ma et al.   26 
Figure Captions.  
Figure 1. a) SHG Intensity recorded as a function of local oscillator translational stage position 
for fused silica surfaces in contact with water held at pH 1 and pH 5.8 at constant ionic strength of 
0.5 M [NaCl] (circles) and corresponding sine fits (lines). Each mm distance corresponds to 3.158°. 
Each scan acquired in four minutes. b) SHG intensity recorded a as a function of input power for 
local oscillator (LO) + signal (S), (top, purple filled circles), LO only, (middle, grey filled circles), 
and signal only (bottom, filled blue circles), and fits to a function of the form y=a.xp. Power p and 
standard error from the fit are indicated. c) SHG Intensity recorded as a function of local oscillator 
translational stage position for fused silica surfaces for pH 1-12, and sign fits using eqn. 11. d) 
SHG Phase and amplitude obtained from the sine fits as a function of bulk solution pH at constant 
0.5 M [NaCl]. e) Replicate measurements of the SHG phase and amplitude for pH 5.8, as indicated 
in the dashed box of Fig. 1d), with shaded area indicating standard error of the mean. The SHG 
phase is referenced to pH 2.5 at 0.5 M NaCl, and the amplitude is normalized to pH 5.8 at 0.5 M 
NaCl. f) Newly identified nonlinear susceptibility plotted against surface potentials determined 
from impedance measurements (circles) and linear least-squared fit (solid line). Please see text for 
details.   
Figure 2.  a, b) Electrostatic field across the fused silica:water interface from finite element 
calculations. The silica contains 100 ppm of charged impurities and the aqueous phase is at 0.1 M 
[NaCl]. The relative permittivity in the aqueous phase is 78. c) Height vs position profiles from 
several atomic force microscopy lines scans across the flat side of our fused silica hemispheres, 
primitive cell used for finite element calculations shown in black box nested in between its periodic 
images, and electrostatic field across an atomically smooth (black line) and rough (purple line for 
L= H=1 nm features, blue line for L=H=2 nm features) fused silica:water interface. Horizontal 
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dashed line depicts the E-field value used for the 1-nm wide rough region. The relative permittivity 
in the first nm of the aqueous phase is 3, while it is 78 elsewhere in the water. The surface charge 
density is -0.015 C m-2. 
Figure 3. a)  Point estimates of "(*) and T(0) obtained from eqn. 10 as a function of bulk solution 
pH at a constant ionic strength of 0.5 M. Shaded areas indicate 5% uncertainties. Results are for 
"
!
(#)  = "
!
(#)  =1.5× "
%&'()
(#) . Dashed line (pH1-11) and solid line (pH 1-5) are from published 
impedance measurements performed at comparable ionic strength. Please see text for details. b) 
Argand diagrams of the measured SHG amplitude (Esig) and SHG phase angle (jsig) and the point 
estimates of "(*)  and the "
%&'()






(#) . Magnitudes for pH 1 are multiplied by ten in inset.  
Figure 4.  a) SHG Amplitude and phase recorded at fused silica:water interfaces subjected to 
different bulk ionic strengths at pH 5.8=constant. The SHG phase is referenced to pH 2.5 at 0.5 M 
NaCl, and the amplitude is normalized to pH 5.8 at 0.5 M NaCl. b) Point estimates of "(*) and 
T(0) obtained from eqn. 10 as a function of bulk ionic strength at constant pH 5.8. Shaded areas 
indicate 10% uncertainties. Dashed line indicates Gouy-Chapman result using a charge density of 
-0.015 C m-2. c) Argand diagrams of the measured SHG amplitude (Esig) and SHG phase angle 
(jsig) and the point estimates of "(*) and the "%&'()






(#) . d) Gouy-Chapman potential calculated for ionic strengths indicated using 
a surface charge density of -0.015 C m-2 (green circles), -0.02 C m-2 (light blue circles), and -0.04 
C m-2 (dark blue circles) plotted against the point estimates of T(0) obtained by HD-SHG at the 
same ionic strengths. Dashed line indicates 1:1 correlation. e) Point estimates of "(*) and T(0) 
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Fig. S2. a) SHG Phase and amplitude obtained from the sine fits as a function of bulk solution pH 
at constant 0.5 M NaCl (filled black and purple circles) and constant 50 mM NaCl (empty black 
and purple circles). The SHG phases are referenced to the one obtained at pH 2.5 at 0.1 M NaCl. 
The amplitudes are normalized to the one obtained at 0.5 M at pH 5.8. b) Point estimates of !(") 
and "(0) obtained from eqn. 10 as a function of pH  at 50 mM [NaCl]. Shaded areas indicate 10% 
uncertainties. Dashed lines are the X-ray spectroscopic surface potentials for silica colloids 






















































































Fig. S3.  Point estimates of !(")  and "(0) obtained from eqn. 10 as a function of bulk ionic 
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Supporting Information Note S1. The 3rd-order silica contribution in eqn. 4 is derived via 
!
$%







  (S1), 
where we apply a linearly decaying potential into the bulk silica according to  Φ()) =



















(cos ∆;,6 − 1 − 9 sin ∆;,6)
= − ?∆;,
[(sin ∆;,6) − 9(1 − cos ∆;,6)]!(&)
= − ?∆;,
G(sin ∆;,6)" + (1 − cos ∆;,6)"!(&)*.)4'(
= − ?∆;,
G(sin ∆;,6)" + (cos ∆;,6)" − 2 cos ∆;,6 + 1!(&)*.)4'(
= − ?∆;,
G2 × (1 − cos ∆;,6)!(&)*.)4'(
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Since Φ(0) = ab, ? = 	0(-)
1
. We therefore obtain 
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Supporting Information Note S2. The one-dimensional Poisson equation was numerically solved 
for an oxide in contact with ionic water of 0.1 mol L-1 NaCl using the Newton-Raphson iteration 
method:2 





	if	W	 < 	 Y@;
− 3A&
?/?.
Z*.3B: + *3B:[	if	Y@; < W	 < 	Y	
  (eqn. S11). 
Here, \(W) is the one-dimensional electrostatic potential, and 	Y	(= 	220	nm) is the total length 
of the system, including a 200 nm thick oxide and a 20 nm thick water region.  The water-oxide 
interface is located at x = Lox = 200 nm. The vacuum permittivity is ^- = 8.854	x	10.2"	Fm.2, 
the relative dielectric permittivities are ^@; 	= 4 for the oxide and ^C	 = 78	for the ionic water, e 
is the elementary charge, and b=kBT-1 with T being the temperature (300 K) and kB being the 
Boltzmann constant. The bulk ion density in the ionic water is g1 = 0.1 mol L-1 with monovalent 
cations and anions whose thermal motion is incorporated using the Boltzmann factor.  
The oxide is modeled to include a pair of positively and negatively charged point defects 
that decrease the electric field inside the oxide. A positively charged defect (W = WE) is randomly 
placed inside the oxide region, followed by a random insertion of a negatively charged defect (x = 
WF) according to a Poisson distribution having an average of 100 nm, so the distance between the 
defects is 100 nm on average to recapitulate the 100 ppm defect density in commercially available 
silica.  
Three boundary conditions are applied in our model using the fact that the oxide surface in 
contact with water is lightly charged and both the oxide and water boundaries are electrically 
grounded. We employ (i) the Dirichlet condition with \(W = 0) = 0  at the oxide end, (ii) the 
Dirichlet condition with \(W = Y) = 0 at the water end, and (iii) the Neumann condition at the 
aqueous oxide interface (W = Y@;) as follows: 
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,  (eqn. S12) 
where Qs (= -0.015 C m-2) is the oxide surface charge density. The differential equation is solved 
by discretizing the space with finite elements whose size is 0.01 nm along the x-axis. Note that 
0.01 nm is short enough to properly recapitulate the Debye screening length (0.39 nm at 1 mol L-
1 NaCl) in the water region. The iteration is terminated once L2-norm of the solution is less than 
10-6. The electric potential and the associated electric field is averaged over 106 realizations with 
the random insertion of defects inside the oxide. 
 The two-dimensional linearized Poisson-Boltzmann equation was numerically solved for 






P\(W, i) 	= j 0, in	the	oxide	region	o"\(W, i), in	the	water	region	  (eqn. S13), 
where o	(= q"3)BA&
?/?.
) is the inverse of Debye screening length and \(W, i) is the two-dimensional 
electrostatic potential. Here, the length of each region is fixed with a 10 nm thick oxide and a 20 
nm thick water region. The height of the oxide region varies according to the height of the dendrite: 
r@;)$3 = 2r. Other parameters are kept the same as in the one-dimensional model above. 
Boundary conditions are applied as in the one-dimensional model. We employ (i) the 
Dirichlet condition with \(W, i) = 0  at both oxide and water ends (blue line in Fig. S4), and (ii) 














	 ∙ tu 	= I0
?.
  (eqn. S14). 
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Here, tu	is the unit normal vector pointing the water region from the oxide region. The differential 
equation is solved by discretizing the space with finite elements whose size is 0.1 nm along both 
x- and y-axes. Note that 0.1 nm is still short enough to properly recapitulate the Debye screening 
length (0.39 nm at 0.1 mol L-1 NaCl) in the water region. The linear equation is solved using Jacobi 
and Gauss-Seidel methods with successive over-relaxation.3 The relaxation method is terminated 
once L2-norm of the solution is less than 10-12. 
 
Fig. S4.  Finite element calculation model for a corrugated oxide:water interface. The rough 
oxide:water interface is modeled using a nanoscale dendrite of height (H) and length (L), 
represented by the yellow region. Bright green elements are the dendrite corners where the 
oxide:water boundary is along both the x- and y-axes.  
 
Supporting Information Note S3. 
We begin with 
  !
L@L
(") = !(") ± 9!M(") −Φ(0)!N'H(&) cos<Q'(,N'H> *)4'(,2'3 = (P)Q × *)40#4 (S15a) 
          = (P)Q × w4x	QP)Q + (P)Q × 9 × x9t	QP)Q    (S15b).  
Collection of the real and imaginary parts yields 
  (P)Q × x9t	QP)Q = !M(") −Φ(0)!N'H(&) cos<Q'(,N'H> sin<Q'(,N'H>  (S16) and 
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   (P)Q × w4x	QP)Q = !(") +Φ(0)!N'H(&) <cos<Q'(,N'H>>
" (S17). 
Therefore,  






   (S18) and 
   !(") = (P)Q × w4x	QP)Q +Φ(0)!N'H(&) <cos<Q'(,N'H>>
" (S19). 












Fig. S5.  Point estimates of !(") and "(0) obtained from eqn. 8 as a function of bulk ionic strength 
at constant pH 5.8 for a model containing only an electrical quadrupolar !M(") as a new addition to 



































Fig. S6.  Point estimates of !(") and "(0) obtained from eqn. 8 as a function of bulk ionic strength 
at constant pH 5.8 for a model containing only an electrical quadrupolar !M(") as a new addition to 









Fig. S7. SHG Amplitude (filed circles) and phase (empty circles) recorded from fused silica in 
contact with water maintained at different bulk ionic strengths of Na2SO4 (yellow) and NaCl 





































































Fig. S8. SHG Intensity recorded as a function of local oscillator translational stage position for an 
air:silica interface (gray circles, and average of five fringes as black line), a water:silica interface 
held at pH 5.8 and 2 µM ionic strength (blue circles), and at pH 2.5 and 500 mM ionic strength 








Fig. S9. SHG Intensity recorded for seven replicate measurements from individually assembled 
silica:ultrapure water interfaces (air-equilibrated overnight, 20 µS cm-1 conductivity, pH 5.8) and 
seven subsequent replicates from individually assembled silica:a-quartz interfaces (5 mW laser 

















































42.5 ±1.6 c.p.s (1 σ)
71 ± 3 c.p.s. (1 σ)
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